West Nile virus (WNV) has emerged as a significant cause of epidemic viral encephalitis and flaccid limb paralysis, yet the mechanism by which it enters the CNS remains uncertain. We used compartmentalized neuron cultures to demonstrate that WNV spreads in both retrograde and anterograde directions via axonal transport. Transneuronal spread of WNV required axonal release of viral particles and was blocked by addition of a therapeutic neutralizing antibody. To test the physiologic significance of axonal transport in vivo, we directly inoculated the sciatic nerve of hamsters with WNV. Intrasciatic infection resulted in paralysis of the hind limb ipsilateral but not contralateral to the injection site. Limb paralysis was blocked either by surgical transection of the sciatic nerve or treatment with the therapeutic neutralizing antibody. Collectively, these studies establish that WNV undergoes bidirectional spread in neurons and that axonal transport promotes viral entry into the CNS and acute limb paralysis. Moreover, antibody therapeutics directly inhibit transneuronal spread of WNV infection and prevent the development of paralysis in vivo.
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flavivirus ͉ neuron ͉ retrograde ͉ transneuronal spread W est Nile virus (WNV) is a neurotropic member of the Flaviviridae family of RNA viruses and is related to other important arthropod-borne human pathogens. WNV is maintained in an enzootic cycle between mosquitoes and birds and has become an important global cause of epidemic encephalitis. Since its emergence in the United States in 1999, Ϸ26,000 cases of symptomatic WNV infection have been confirmed (www.cdc. gov/ncidod/dvbid/westnile/surv&control.htm#maps), and seroprevalence studies suggest that several million people have been infected (1) .
Rodent models have provided insight into the mechanisms of WNV spread to the CNS. After s.c. inoculation, WNV-infected dendritic cells traffic to the draining lymph node, resulting in a primary viremia and infection of peripheral tissues. Within 6 days, WNV is cleared from the serum and peripheral organs and enters the CNS and induces neurological disease (reviewed in ref. 2) . Nonetheless, the specific mechanisms by which WNV or other neurotropic flaviviruses enter into the CNS are largely unknown. CNS infection may occur in part via hematogenous spread, as increased viremia in immunodeficient mice (2) and TNF-␣-mediated changes in blood-brain-barrier permeability correlate with earlier CNS entry (3).
Axonal transport from infected peripheral neurons mediates CNS entry and pathogenesis of viruses in the Herpesviridae, Rhabdoviridae, and Picornaviridae families (4-6). Viral spread in neurons is generally mediated by fast axonal transport, a microtubule-associated, anterograde and retrograde transport system. In classical studies, CNS infection of rabies virus or poliovirus was prevented by axonal ligation or degeneration (7, 8) . Insights into the biology of axonal spread have been facilitated by the development of compartmentalized, or Campenot, chambers for culturing neurons (9) . These systems allow axons from cells in one chamber to cross barriers and enter distal chambers, permitting separate analysis of cell bodies and their axons.
As mosquito inoculation of WNV occurs in the highly innervated dermis, CNS entry through peripheral neurons could contribute to WNV neuroinvasion (2, 10, 11) . Severe human cases of WNV disease most frequently manifest as encephalitis, meningitis, or acute flaccid paralysis. Interestingly, while increased susceptibility to encephalitis or meningitis correlates with depressed immunity and increased age, humans of all age and immune status groups are at risk for developing acute flaccid paralysis (12) . Acute flaccid paralysis or associated muscle weakness may occur in 10-50% of patients with neuroinvasive WNV disease and is caused by viral infection and injury of anterior horn motor neurons in the spinal cord (12) .
Despite suggestive evidence that axonal transport contributes to WNV entry into the CNS and pathogenesis of the CNS (10), it has yet to be experimentally demonstrated. We used compartmentalized neuronal cultures to show definitively that WNV undergoes axonal transport in both anterograde and retrograde directions to infect neuronal and non-neuronal cells. In vivo, direct infection of the sciatic nerve resulted in viral transport to the spinal cord, neuronal injury, and acute flaccid paralysis. These findings establish that axonal transport can mediate WNV entry into the spinal cord and cause a specific disease phenotype, acute flaccid limb paralysis.
Results

WNV Spreads Via Axons in the Retrograde and Anterograde Direc-
tions. To determine whether WNV can be transported within axons, we used compartmentalized neuronal cultures. This trichamber system was used previously to establish transneuronal spread of pseudorabies virus (13) . The culture is composed of three sections, the soma chamber where neurons are plated, the middle chamber, which contains a methylcellulose barrier, and the neurite chamber where distal axons emerge and target cells are plated [supporting information (SI) Fig. 5 ]. Superior cervical ganglia (SCG) neurons seeded in the soma chamber extend axons through the barriers into the neurite chamber within Ϸ3 weeks.
To determine whether WNV could spread via retrograde axonal transport from neuron to neuron, compartmentalized cultures were generated. Two days before infection, target SCG neurons were plated in the axon-containing neurite chamber so that axons from the target SCG neurons did not have time to extend back through the chamber barriers. Neurite chamber SCG neurons were infected, and supernatants from the soma and neurite chambers were collected daily and analyzed by viral plaque assay. As expected, WNV was readily detected from SCG neurons in the neurite chamber throughout the time course. Retrograde transport of WNV into the soma chamber was initially detected on day 3 after infection and subsequently spread within the soma SCG neurons, generating high levels of infectious virus (Ϸ10 4 to 10 5 pfu/ml) (Fig. 1A) . To establish whether WNV undergoes axonal transport from neuron to neuron in the anterograde direction, compartmentalized cultures were generated with target SCG neurons plated in the neurite chamber as above, but the soma chamber was infected instead. Anterograde spread of WNV was first detected in target SCG neurons on day 2 after infection, followed by increased viral production in target cells on subsequent days (Ϸ10 5 pfu/ml) (Fig. 1B) . To assess whether WNV undergoes directional spread to non-neuronal cells, Vero cells were plated in the axon containing neurite chamber of compartmentalized cultures. Infection of Vero cells resulted in efficient retrograde spread to SCG neurons in the soma chamber by day 3 after infection ( Fig. 1C) . Correspondingly, WNV also spread in an anterograde direction from infected SCG neurons to Vero cells by day 2 (Fig. 1D ). Axons and target Vero cell populations were visualized on day 3 after SCG neuron infection to examine the localization of WNV infection after transneuronal spread. As expected, virtually all SCG neurons in the infected soma chamber showed high levels of WNV antigen. WNV envelope protein was also readily observed in target Vero cells both in close proximity to and more distant from axons ( Fig. 2, arrows) . Overall, these experiments demonstrate that WNV spreads efficiently in both retrograde and anterograde directions between neuronal and non-neuronal cells. As expected, based on the slower speed of retrograde transport (14) , anterograde spread occurred more rapidly, resulting in WNV infection of target cells Ϸ24 h earlier.
WNV Neuronal Spread Requires Intact Axons.
To verify that axons extended by SCG neurons to the neurite chamber were required for viral spread, we performed several controls to test the integrity of the cultures. Compartmentalized cultures were assembled in the absence of cells, WNV (10 5 pfu) was added to the soma chamber, and supernatants from the soma and neurite chamber were harvested daily to assess whether passive diffusion of virus occurred (SI Fig. 6A and SI Text). The level of virus in the soma chamber declined over time as it was diluted after repeated sampling and media replacement. Importantly, infectious virus was never detected in the neurite chamber, indicating that the barriers prevented passive movement of WNV between chambers. To exclude the possibility that infectious virus penetrated the barriers at levels below the limit of plaque assay detection, Vero cells were plated in the absence of neurons as these highly permissive cells should amplify low levels of passively transported virus. Infection of Vero cells on one side of the chamber did not spread to uninfected Vero cells on the other side even after 6 days (SI Fig. 6B ). To directly test whether intact axons were required for neuron-to-cell spread, compartmentalized cultures were generated, and 1 h before infection, the axons in the middle chamber were severed. Vero cells in the neurite chamber or the SCG neurons in the soma chamber were then infected, and WNV production in both compartments was monitored. WNV spread in either direction was blocked completely by axotomy (SI Fig. 7) . Thus, WNV spread in the compartmentalized chamber system required intact axons and did not occur through passive diffusion or leakage.
WNV Transneuronal Spread Is Mediated by Viral Release from Distal
Axons. For some neurotropic viruses, transneuronal spread occurs across synapses (4), whereas for others, including pseudorabies virus, it may occur through direct cell-to-cell transfer without release of infectious particles (13) . To test whether WNV was released from axon terminals, SCG neurons in the soma chamber of compartmentalized cultures were infected in the absence of target cells in the neurite chamber, and supernatants were harvested over 6 days. As expected, the SCG neuron cell bodies in the soma chamber released significant levels of infectious virus (10 4 to 10 5 pfu/ml). Notably, low levels (10 2 to 10 3 pfu/ml) of infectious virus were consistently detected in the neurite chamber, suggesting that WNV particles were transported axonally and secreted at distal axon sites (Fig. 3A) . Formally, it remained possible that packaging-independent pathways could also contribute to neuron-to-target-cell spread. For some alphaherpes viruses, structural glycoproteins are dispensable for neuronal spread (15) . To test whether WNV neuron-to-target-cell spread occurred in the absence of viral packing and egress, primary neurons were infected with pseudotyped WNV reporter virus particles (RVP). RVP deliver WNV replicons that encode GFP but lack structural proteins and thus are only capable of a single round of cellular infection (16) . Notably, no increase in the numbers of GFP-positive cells was observed in RVP-infected cortical neuron cultures over time (SI Fig. 8) . Similarly, live cell imaging of RVP-infected neurons showed no evidence of spread of GFP signal among neurons (data not shown). Thus, WNV does not undergo transneuronal spread in the absence of structural proteins. These data are consistent with a model in which WNV spread to target cells is mediated through viral release from axon terminals into the supernatant.
To confirm that release of infectious particles was required for transneuronal transmission of WNV, retrograde spread experiments were performed in the presence of Hu-E16, a humanized, neutralizing WNV antibody with therapeutic activity in vivo (17) . Vero cells in the neurite chamber were infected, and antibody was added to the soma chamber with target SCG neurons. As Hu-E16 efficiently neutralizes infectious WNV released into the supernatant (17) , infection of target SCG neurons was monitored by using both quantitative RT-PCR and a capture ELISA for the secreted nonstructural protein NS1 (18) . The presence of Hu-E16 in the soma chamber completely blocked viral spread (Fig. 3B) . In corresponding anterograde experiments (data not shown), Hu-E16 was added to target Vero cells after SCG infection. As expected, low levels of virus were still secreted from axons in the neurite chamber (10 3 to 10 4 genomic equivalents per ml). However, this virus did not productively infect target Vero cells: whereas high levels of NS1 (0.2 g/ml) were detected in supernatants from infected SGC neurons and Hu-IgG-treated Vero cells on day 6, NS1 was undetectable in supernatants from Hu-E16-treated target cells. Thus, the spread of WNV from neurons to target cells is mediated by extracellular release of virus, and a neutralizing therapeutic mAb can directly disrupt this process.
Intact Viral Particles Are Localized in Distal Axons. In cell lines, WNV assembles at the rough endoplasmic reticulum and is released by exocytosis (19) . While infectious particles were released from distal axons, it was unknown whether intact viral particles were transported through the axon or assembled distally. To examine this, we analyzed compartmentalized cultures by electron microscopy. SCG cell bodies showed clear evidence of virion production in characteristic membranous web structures (20) . Assembled viral particles were also visualized within proximal and distal axons and were enclosed in vesicles often containing more than one viral particle (Fig. 3C ). These data suggest that WNV undergoes axonal transport and is released to infect target cells.
WNV Undergoes Retrograde Axonal Spread in Vivo and Induces Acute
Flaccid Paralysis. To test whether axonal transport of WNV occurred in vivo and evaluate its contribution to pathogenesis, we performed direct infection and ligation experiments of the sciatic nerve in hamsters (SI Fig. 9 ). Viral dissemination and clinical disease were compared in the presence or absence of sciatic nerve ligation and transection. Within 7-13 days after sciatic nerve inoculation, animals with intact nerves showed overt disease. By 8-16 days after infection, 21% (4 of 19) of these animals developed acute flaccid paralysis of the limb ipsilateral but not contralateral to the inoculation site (Table 1) . Paralysis was induced specifically by viral infection, as nerve ligation alone caused a characteristic foot drop but no limb paralysis.
Flaccid limb paralysis resulted from WNV infection and neuronal injury, as it was associated with high levels of infection and death in the anterior horn motor neurons of the lumbosacral region (L5-S1) of the spinal cord (Fig. 4 E-H, 20 .1 Ϯ 8.8% and 52.9 Ϯ 6% of neurons were positive for WNV antigen and TUNEL, respectively). A similar level of ipsilateral paralysis (4 of 10 animals, Table 1 ) was seen when the sciatic nerve was transected below the infection site. In contrast, when the sciatic nerve was transected above the injection site, paralysis of the ipsilateral limb or associated infection of the L5-S1 segment of the spinal cord did not develop (Fig. 4 I-L) . Rather, these animals developed systemic disease, and only one animal developed limb paralysis, which was on the side contralateral to virus inoculation. Regardless of the injection scheme, most animals eventually succumbed to WNV infection with similar kinetics (Table 1 , P ϭ 0.2). Thus, sciatic nerve transection prevented rapid spread to the spinal cord and associated paralysis resulting from infection and injury of motor neurons but did not alter WNV-induced lethality. These experiments demonstrate WNV undergoes retrograde axonal transport in vivo and that this pathway of CNS entry induces a specific clinical feature of WNV neuroinvasive disease, acute flaccid paralysis. These data also suggest that WNV likely uses multiple routes to enter the CNS, as transection of the sciatic nerve did not affect the development of encephalitis.
As viral spread in compartmentalized cultures was blocked by neutralizing antibody, we evaluated whether therapeutic administration of Hu-E16 would prevent transneuronal spread and paralysis in vivo. Hu-E16 (0.1 mg/kg) was administered i.p. 20 h after intrasciatic nerve infection with and without sciatic nerve ligation. Notably, antibody treatment completely prevented acute flaccid paralysis and mortality of animals infected via the Hamsters were injected in the sciatic nerve with 10 1.8 pfu of WNV and monitored for paralysis and lethality. In some groups, sciatic nerve transection was performed by cutting the sciatic nerve above or below the site of WNV infection, and a humanized, neutralizing WNV antibody Hu-E16 was administered i.p. sciatic nerve (Table 1) . Thus, neutralizing antibody blocked both transneuronal spread of WNV and paralysis, while also restricting viral entry into the CNS by other possibly hematogenous routes.
Discussion
Although WNV is the most common cause of epidemic viral encephalitis in the United States (21), the mechanism by which it invades the CNS remains controversial. In this study, we demonstrate that WNV undergoes axonal transport in vitro in compartmentalized cultures and in vivo after intrasciatic nerve infection. Axonal transport of WNV in vivo resulted in spinal cord infection, neuronal injury, and acute flaccid paralysis. Axotomy blocked WNV transneuronal spread in vitro and in vivo and protected animals from paralysis on the side ipsilateral to the injection site. Our data also suggest that neuronal spread occurs via extracellular secretion of WNV from axons: infectious virus was detected in distal axon compartments and axonal spread was blocked by the addition of a neutralizing antibody. These experiments establish transneuronal spread of a flavivirus. Moreover, they demonstrate that neutralizing antibody therapy can disrupt transneuronal spread and thus may explain its efficacy in preventing or limiting WNV replication in the CNS (17) .
WNV entered the CNS via axonal transport at rates consistent with the kinetics of neuroinvasive disease development. In rodent models, WNV is detected in the CNS beginning on days 4-5 after infection (2) . In humans, the initial onset of WNV disease symptoms occurs after an average 6-day incubation period (22) . This timing of CNS entry is similar to retrograde transport rates of other neurotropic viruses, including herpes simplex virus (HSV) (23) . Once in the CNS, both retrograde and anterograde neuronal transport likely contributes to centrifugal spread of WNV among neuronal cells in the brain. In the compartmentalized cultures, WNV spreads in both directions to infect neuronal and non-neuronal cells. Although axonal spread of WNV contributes to a distinct disease phenotype, the relative roles of retrograde and anterograde spread through the motor and sensory neurons within the sciatic nerve remain less clear. Although further studies are necessary, we speculate that retrograde transport through peripheral motor nerves directly results in anterior horn neuron injury and paralysis, whereas anterograde transport contributes to regional spread of WNV infection within the CNS.
The mechanisms of neuronal entry and spread likely differ among viruses. Some, including Borna virus, enter neurons directly without evidence of peripheral replication (24) . For others, local amplification at the site of infection in non-neuronal cells precedes viral entry into peripheral nerves. Initial replication of rabies virus in myocytes (4), HSV in the corneal epithelium (25) , and reovirus in Peyer's patches (26) occurs before axonal transport and CNS infection. Analogously, Langerhans or other skin dendritic cells may be the initial site of WNV replication after skin inoculation. In this context, efficient transneuronal spread may require transport of WNV between neurons and non-neuronal cells. Once peripheral nerve infection occurs, viruses may use distinct pathways to transmit infection to target cells. For pseudorabies virus, spread involves direct cell-to-cell transmission via a fusion event that does not require encapsidation (13) . In contrast, for WNV, HSV, and reovirus spread is inhibited directly by neutralizing antibodies (27, 28) .
Local amplification, infection of peripheral nerves, and axonal transport to the spinal cord is likely not the only means of WNV entry into the CNS. The route of infection, viral strain, and the immune status of the host affect the CNS entry pathways used by neurotropic viruses. For example, dermal inoculation of HSV results in transneuronal spread to the CNS, whereas i.p. infection is followed by hematogenous spread (29) . In comparison, reovirus enters the CNS by both transneuronal and hematogenous routes (30) . Intranasal inoculation of WNV can also result in CNS entry through movement across the olfactory mucosa (31) . Studies in rodent models suggest that after s.c. infection, WNV enters the brain in part through hematogenous spread (2) . In immunodeficient mice, enhanced viremia correlates with more rapid entry into the CNS (32) , and inflammatory cytokines such as TNF-␣ may modulate blood-brain-barrier permeability and WNV spread (3). Consistent with this finding, immunocompromised humans have a 20-fold greater risk of severe neuroinvasive WNV infection and death (33) .
Two unique features are associated with WNV-induced acute flaccid paralysis: it can occur as an isolated disease in the absence of meningitis or encephalitis (34) , and patients of all ages and immune status groups are at risk (12) . Our experiments suggest that the route of WNV entry into the CNS in part determines pathological outcome. Intrasciatic infection caused acute flaccid paralysis of the ipsilateral but not contralateral limb. Axotomy of the sciatic nerve blocked this paralysis, but did not prevent the spread of WNV to the CNS through other routes. Acute flaccid paralysis may be a stochastic event that reflects virus entry into the peripheral nerves after initial skin infection. Notably, postexposure administration of neutralizing IgG completely blocked transneuronal spread and CNS invasion. These data are consistent with a model in which an effective innate immune response restricts WNV replication in peripheral tissues and hematogenous seeding of the CNS but may not efficiently block axonal spread once WNV has infected neurons in the peripheral nervous system. Instead, inhibition of neuronal spread may require neutralizing IgG, which is not produced until Ϸ6-8 days after infection when CNS invasion has already occurred (35) . Indeed, disruption of transneuronal spread of WNV may be an independent mechanism for the therapeutic actions of neutralizing antibodies. Correspondingly, early therapeutic intervention with neutralizing antibodies could prevent both upper and lower motor neuron disease by blocking CNS entry and amplification.
In summary, our experiments suggest that WNV uses specific pathways to enter the CNS, resulting in distinct disease phenotypes. An improved understanding of the mechanisms by which WNV disseminates to the CNS may facilitate the development of targeted therapies that block specific steps in WNV neuropathogenesis.
Materials and Methods
Cells Lines and Viruses. Vero T144 and BHK21 were cultured as described (35) . The New York 1999 (36) and 2000 (37) strains of WNV were used for in vivo and in vitro experiments, respectively. Neuron Culture. Primary neurons were generated from SpragueDawley rat SCG as described (38) and maintained in AM50 media [MEM, 10% heat-inactivated FBS, 2 mM L-glutamine, 30 mM fluorodeoxyuridine, 30 mM uridine, and 50 ng/ml nerve growth factor (Harlan Bioproducts, Madison, WI)].
Trichamber Cultures and Infection Experiments. The design and assembly of trichamber cultures have been described (13) . For neuron-to-cell spread experiments, SCG neurons were cultured in the soma chamber for 3-4 weeks, and Vero cells were seeded in the neurite chamber. Methylcellulose (1%) in AM50 media was added to the middle chamber, and either the soma chamber [multiplicity of infection (moi) of 1] or the neurite chamber Vero cells (moi of 0.1) was infected with WNV. For neuron-to-neuron spread experiments, SCG neurons were seeded into the neurite chamber for 2-3 days before infection (moi of 1) to prevent axon growth back into the middle chamber. In all compartmentalized culture experiments, cells were infected for 1 h at 37°C, and free virus was removed by washing. To determine viral spread, supernatants were harvested every 24 h for 6 days. Media were replaced after each harvest, and supernatants were titered on
